In this study, we have successfully prepared gallium oxide resistive random access memory by RF magnetron sputtering. The various Ar/O 2 gas flow was carefully controlled by different oxygen concentration to obtain proper Ga 2 O 3 film. It was demonstrated that the performance of the devices was improved by optimizing oxygen vacancy through deposition condition. Consequently, the sample with 25% of oxygen concentration exhibited the outstanding electrical properties with maximum cycles of 220, an I on /I off ratio of 5 × 10 4 , retention time of 10 4 s, high resistance state / low resistance state ratio of 7 × 10 5 under 0.1V read voltage.
I. INTRODUCTION
Resistive memory has a simple metal/insulator/metal (MIM) structure, which comprises an insulator between two metal electrodes. The insulator can form different conduction states, and the bulk can change different resistance states, which can be used to store data [1] . In order to reduce scale for replacing the conventional Si-based electronics, there have been several investigations into FeRAM, MRAM, PCM and RRAM [2] . Among then, resistive memory has many advantages, such as high density, low cost, low power consumption, long memory capacity, and high endurance, and can write information faster than NAND Flash by approximately 10,000 times. In this regard, resistive memory can be applied to many products, such as the Internet of Things, wearable equipment, consumer electronics, enterprise storage, and RFID products [2] , [3] . Resistive switching occurs in chalcogenides, ferromagnetic oxides, perovskite oxides, and organic materials [4] - [7] as well as in simple binary transition metal oxide materials, such as ZnO, TiO 2 and Al 2 O 3 [8] - [10] .
The associate editor coordinating the review of this manuscript and approving it for publication was Gian Domenico Licciardo . Ga 2 O 3 possesses a wide energy bandgap of approximately 4.9 eV, which is suitable for UVC light solar-blind detection [11] . The oxide ions are in a distorted cubic closest packing arrangement, and the gallium (III) ions occupy distorted tetrahedral and octahedral sites, with Ga-O bond distances of 1.83 and 2.00 Å, respectively [12] . Ga 2 O 3 may have promising applications in many devices, such as in photoelectrochemical hydrogen generation [13] , resistive random access memory (RRAM) [14] , thin-film transistors [15] , and phototransistors [16] . Herein, we used Ga 2 O 3 as insulator in in RRAM because of its inherent high resistance properties and very sensitive conductivity to oxygen. The inherent high resistance of Ga 2 O 3 makes the memory thinner. Oxygen vacancy plays an important role in thin-film deposition by determining the conductivity of the thin film and affecting the electrical characteristics of RRAM. Thus, we can adjust the oxygen flow to optimize the characteristics of RRAM [17] - [19] .
In this study, radio frequency (RF)-sputtered Ga 2 O 3 films were prepared on ITO substrate and used to create resistive memory. The deposition of Ga 2 O 3 films was conducted under different oxygen concentrations. The experiment steps would be introduced detail. The films were characterized by I-V curve, endurance test, and retention time test to assess the reliability of the device. Finally, examining the structure of different oxygen contents confirmed that the conduction mechanism is related to oxygen vacancy.
II. EXPERIMENT
In the study, Ga 2 O 3 RRAM was fabricated. First, the ITO substrates were cleaned by acetone, isopropyl alcohol, and deionized water. A 20 nm-thick Ga 2 O 3 film was deposited onto the ITO substrate by RF magnetron sputtering with various Ar/O 2 gas flow. During Ga 2 O 3 deposition, the base pressure, growth pressure, and RF sputtering power for the Ga 2 O 3 target were maintained at 5 × 10 −6 Torr, 5 mTorr, and 100 W, respectively. We carefully controlled the deposition time to maintain the thickness of the samples at 20 nm. Ga 2 O 3 thin films were prepared with a gas mixture of Ar and O 2 at mixing ratios of 50:0 (0%), 49:1 (2%), and 48:2 (4%) and named as sample1, sample2, and sample3, respectively. Meanwhile, the samples prepared with the gas mixture of Ar and O 2 at mixing ratios of 16:4 (20%), 15:5 (25%), and 14:6 (30%) were designated as sample4, sample5, and sam-ple6, respectively. 
III. RESULTS AND DISCUSSION
The device was tested based on the current-voltage curve by using Agilent B1500A. The current-voltage curve of sample1 to sample 3 is shown in Fig. 2 . No reset phenomenon was observed in these samples; thus, they are not a good resistive memory element. The current-voltage curve of sample 4 to sample 6 is shown in Fig. 3 . Compared with the first three samples with lower oxygen content, sample 4 to sample 6 exhibit complete resistance conversion characteristics. When the voltage is smaller than the threshold voltage, the device has the high-resistance state. When the voltage is larger than the threshold voltage, the device is switched to the low-resistance state. This process is called set process. The compliance current is 10 mA, which can improve the device breakdown and prevent the filament to be excessively large. For example, we set the voltage of sample 5 to approximately −1.68 V. We then applied positive voltage. The device is initially maintained at the low-resistance state. When the present current is larger than the past compliance current, the device is switched to the high-resistance state. This process is called reset process. The reset voltage is 0.45 V. The set and reset voltages have different polarities, so the device manifests bipolar switching behavior. The highest current ratio appears at -0.1V. The on/off current ratio of sample 5 is the largest, which is approximately 10 5 times at −0.1 V ( Table 1 ). Figure 4 shows the results of the endurance test. We set the read voltage at −0.1 V, and sample4, sample5, and sample6 are switched by 88, 220, and 118 times. Prepared samples4 and 6, the sample 5 exhibit the more stable and longer switched times. After statistical analysis, the on/off current ratio is about 10 4 times. Figure 5 shows the results of the retention time test. We also presented the regular pulse at the same time to read the resistance state. The machine provides the device with −0.1 V bias voltage every 10 seconds. The stable state of sample5 remains over 10 4 seconds at the highand low-resistance states. The on/off current is 7 × 10 5 times at −0.1 V reading voltage. As shown in Tables 2, sample5 obtains the highest endurance level and retention time.
In this study, sample4, sample5, and sample6 were subjected to measurement of complete resistance conversion characteristics. Before discussing the conductive filaments of the device, the chemical bonding states of the samples were examined by X-ray photoelectron spectroscopy (XPS). Changes in the O1s spectra are shown in Figure 6 .
The peak at low binding energy (OI) (530.3 ± 0.2 eV) is attributed to the O − 2 ions surrounded by metal atoms (Ga). The higher energy peak (OII) (532.5 ± 0.2 eV) is associated with oxygen vacancies in the metal bonding matrix. Thus, the area ratio of the oxygen deficiency-related peak (OII) to the entire O1s peak (OI+OII) represents the relative quantity of oxygen. When the oxygen content in the Ga 2 O 3 film was increased from 20% to 30%, the oxygen deficiencyrelated peak area ratio decreased from 71.15% to 38.17%. This result indicates that the number of oxygen vacancies in the Ga 2 O 3 film decreased with increasing oxygen content. At 25%, the oxygen vacancy content ratio is optimal, and the device achieves excellent performance.
Moreover, in Ga 2 O 3 thin-film RRAM, the oxygen vacancies are the main source of conductive filament in the channel. Figure 7 shows the mechanisms of set and reset conductive filament in the channel. First, the RRAM device at initial state ( Fig. 7(a) ), when a negative bias was applied at the Al electrode, the oxygen ions were transformed into oxygen or absorbed by the ITO electrode ( Fig. 7(b) ). The reduction reactions lead oxygen vacancy extended toward the Al electrode to form a conductive filament ( Fig. 7(c) ). After that, reverse the polarity of bias, oxygen ions released from the ITO interface neutralized the oxygen vacancies; thus, the bipolar behavior was induced upon the recovery/rupture of the conducting filaments ( Fig. 7(d) -(e).
To determining determined the corresponding mechanism. As shown in Figure 8(a) , the slope of the curve in the low voltage region is 1.2 when the current-voltage axis changes to the double log axis. Thus, the conduction mechanism is ohmic conduction. Furthermore, the slope of the curve in the high voltage region is 2.2, thereby confirming the proportionality of I to V 2 . The curve conforms to space charge-limited current (SCLC) conduction mechanism. In the reset process, the current-voltage axis changes into the double-log axis, the slope is approximately 1, and the curve relation is the ohmic conduction mechanism (Figure 8(b) ).
IV. CONCLUSION
Based on the experimental results, oxygen content can affect the device. The conductive filaments of the device may be an oxygen-deficient conductive path formed by the accumulation of oxygen vacancies in the active oxide layer. The mixed gas of Ar and O 2 at mixing ratios of 50:0, 49:1, and 48:2 could not be reset because of the very few oxygen ions stored after conduction and the insufficient released oxygen ions to neutralize the oxygen vacancies. Sample5 with 25% oxygen exhibits the optimal performance in terms of switching cycle and retention time. The bipolar switching behavior was also successfully demonstrated. In this sample, the set and reset voltage values are −1.68V and 0.45V, respectively. The maximum cycle is approximately 220 times, and the retention time is above 10 4 s. HOANG-TUAN VU received the M.Eng. degree in opto-electronics and material science from National Formosa University, Taiwan, and the Ph.D. degree in microelectronics from National Cheng Kung University, Taiwan. He is currently the Technical Assistant Manager with RiTdisplay Corporation, Hsinchu. His research topics focus on optoelectronics materials and devices, including light emitting diodes, organic light emitting diodes, and quantum dot light emitting diodes.
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